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We consider the generic possibility that the Universe’s energy budget includes some form of rela-
tivistic or semi-relativistic dark radiation (DR) with non-gravitational interactions with Standard
Model (SM) particles. Such dark radiation may consist of SM singlets or a non-thermal, energetic
component of neutrinos. If such DR is created at a relatively recent epoch, it can carry sufficient
energy to leave a detectable imprint in experiments designed to search for very weakly interacting
particles: dark matter and underground neutrino experiments. We analyze this possibility in some
generality, assuming that the interactive dark radiation is sourced by late decays of an unstable
particle, potentially a component of dark matter, and considering a variety of possible interactions
between the dark radiation and SM particles. Concentrating on the sub-GeV energy region, we
derive constraints on different forms of DR using the results of the most sensitive neutrino and dark
matter direct detection experiments. In particular, for interacting dark radiation carrying a typical
momentum of ∼ 30 MeV/c, both types of experiments provide competitive constraints. This study
also demonstrates that non-standard sources of neutrino emission (e.g. via dark matter decay) are
capable of creating a “neutrino floor” for dark matter direct detection that is closer to current
bounds than is expected from standard neutrino sources.
1. INTRODUCTION
The dominance of dark matter (DM) and dark energy
(DE) in the total energy balance of the Universe is a
widely acknowledged nonetheless astounding fact. Preci-
sion studies of the cosmic microwave background (CMB)
[1] provide evidence that DM was “in place” before hy-
drogen recombination, while the effects of DE manifest
themselves much later, starting from redshift z ∼ O(1)
[2]. Given a rather elaborate structure of the visible sec-
tor, the Standard Model of particles and fields (SM), it
would be a logical imperative to consider somewhat more
complicated models of a dark sector, beyond a single par-
ticle contributing to DM, and a cosmological constant
sourcing DE. Indeed, in recent years there has been some
significant progress in studying models of dark sectors
[3], which include the possibility of new “dark forces”,
new massless states (also known as “dark radiation”, or
DR), and/or relativistic massive dark states that can
be produced through late time processes (also known
as “boosted dark matter”) [4–7], co-existing with mas-
sive DM particles. Both new massless states and mas-
sive boosted states in the dark sector can be classified as
“dark radiation” in general terms. The presence of such
sectors significantly broadens the phenomenology of DM
[5, 6, 8–21] motivating, in turn, a wider scope for the
experimental efforts dedicated to the searches of DM.
An enormous progress in observational cosmology has
resulted in a very sensitive constraint on the number of
extra degrees of freedoms that remained radiation-like
during the CMB epoch. The Planck collaboration has
reported a stringent constraint, that phrased in terms of
neutrino-like radiation species reads as [1]:
Neff = 3.04± 0.33 =⇒ ρDR/ργ < 0.15, (1)
where ρDR is the energy density in additional dark radi-
ation. With further refinements [22, 23], one can show
that the actual 2σ limit on the deviation from the SM
prediction for Neff is ∆Neff ≤ 0.39. This bound has a
wide degree of applicability, and is most effectively used
to constrain models with “early” DR, or models with ex-
tra light degrees of freedom that were in thermal contact
with the SM, but decoupled at some point in the history
of the early Universe. In that case there are also ex-
tra bounds provided by big bang nucleosynthesis (BBN),
that can be often cast in terms of the same parameter
Neff [24–26]. However, constraint (1) would not be ap-
plicable to models where DR is created much later than
the CMB epoch. For example, recent decays of a siz-
able fraction of DM into dark radiation are allowed, and,
moreover, ρDR can be much larger than ργ today.
In this paper, we are interested in the late generation of
ρDR with the following properties: the number density of
DR particles is smaller than that of CMB photons, while
the kinetic energy on average is much larger than the
energy of individual CMB quanta,
nDR  nγ , EDR  Eγ , ρDR(∼ EDRnDR) ≤ 0.1ρDM
(2)
In the last relation, we require that the amount of dark
radiation does not exceed 10% of the dark matter energy
density, in accordance with recently updated constraints
[27]. Such set of inequalities leaves, of course, a lot of
freedom for what DR can be, but restricts a number of
possibilities for how the non-thermal DR can be created.
In this paper, we will consider a scenario where the
dark sector mediates some DR-SM interaction to be spec-
ified below. The new interactions allow to probe DR di-
rectly via its interaction with nuclei and electrons rather
than via its contribution to the Universe’s energy bal-
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2ance (through ρDR.) Cosmic SM neutrinos are, in some
sense, the example of interacting dark radiation. Rem-
nants from the Big Bang, they have a very small energy
today Eν ∼ mν , and their direct detection via weak in-
teractions represents a huge experimental challenge [28].
(There is, of course, plenty of evidence for cosmic neu-
trino weak interactions in the outcome of BBN.) It is also
known that neutrinos have other cosmic components, in-
cluding the one generated by global activity of supernova
(SN) remnants [29]. The search for the diffuse SN neu-
trino flux is a challenging endeavor, driving some devel-
opments in solar neutrino detectors [30].
Neutrinos provide a small—but in future important—
background for the searches of weakly interacting massive
particles (WIMPs) in direct detection experiments [31–
33].1 The solar neutrino flux is the largest component for
such a background, but given a relatively low energy cut-
off to its spectrum, the generated nuclear recoil is rather
soft. Above a neutrino energy of 18 MeV only diffuse
supernova and atmospheric neutrinos constitute the pri-
mary components of the neutrino spectrum. It has to
be emphasized that there is no direct observation of the
diffuse supernova flux yet, and only an upper limit exists
on the flux of electron antineutrinos in the 15-30 MeV
window [37], Φν¯e < 3/cm
2/s. Above 30 MeV, the atmo-
spheric neutrinos start to be dominant, with measure-
ments above 150 MeV energy [38], and a total flux in the
ballpark of a few/cm2/s. The above window is quite im-
portant because it corresponds to a momentum transfer
scale that is associated with the optimum sensitivity re-
gion of dark matter detectors, such as large xenon-based
detectors [39–41]. Therefore, if there is an additional
neutrino or neutrino-like component of dark radiation,
the bottom of the direct detection “neutrino floor” can
be closer than expected.2 Given the huge amount of ef-
forts devoted to the scaling-up of the WIMP direct detec-
tion experiments, one should investigate possible signals
from additional hypothetical components of the neutrino
flux, and from DR in general. Apart from creating a new
signal competing with WIMPs, the search for DR is in-
teresting in its own right, and can be done in parallel
to WIMP searches. It is well known that direct detec-
tion experiments often provide the most sensitive tool
for broad classes of physics with 1 eV to a few 100 keV
energy release (see, e.g., Refs. [45–51] for a sample of rep-
1 The idea to study the coherent scattering of neutrinos on nu-
clei [34] pre-dates the DM direct detection idea [35], and only
recently has it been observed with neutrinos sourced by meson
decays [36].
2 An upper limit on a cosmological flux of SM neutrinos from
DM decay in the ∼15-100 MeV mass window using Super-
Kamiokande data has previously been established in [42]; see
also recent Ref. [43]. The ensuing lower limit on the DM lifetime
is driven by the ν¯e flux-component; below we will revisit this
limit, by assuming the absence of anti-neutrinos in the decay of
DM. For limits on the ν+ν¯ flux from MeV-mass DM annihilation
see [44].
resentative ideas), and therefore it is easy to anticipate
that they can be used as tools for exploring DR.
In this paper we address several questions related to
DR, WIMP direct detection experiments, and neutrino
physics. Our primary goal is to assess—in broad classes
of models—the sensitivity reach of direct detection ex-
periments to DR. We shall concentrate on the eV-GeV
energy range, and will mostly assume that a certain frac-
tion of DM is prone to decay to DR. In the next section,
we will outline several classes of possible interactions. In
Sec. 3 we provide the computation of DR fluxes resulting
from decaying DM, both in our halo and globally in the
Universe. Section 4 considers the main phenomenolog-
ical features of DR in several classes of generic models:
DR in the form of the new population of neutrinos or
neutrino-like light fermions, axion-like particles and light
vectors (“dark photons”). We provide further discussion
and conclusions in Section 5.
2. DR-SM INTERACTIONS
Among the possible sources of DR there can be pro-
cesses involving the collision and decay of SM particles,
and, under certain conditions, collisions, annihilation,
and/or decay of massive DM particles. It is apparent
that SM processes cannot create large amounts of DR,
and in particular cannot saturate the last inequality in
Eq. (2). The reason is that the only steady source of DR
emitted globally in the Universe can come either from
cosmic rays collisions with interstellar medium, or from
the production of DR inside stars, including SN explo-
sions. The energetics of these processes is subdominant
to the energy locked inside ρDM by many orders of mag-
nitude.
On the contrary, very limited amount of information
about the properties of DM provides some grounds for
speculation that DM can indeed be a powerful source
of DR. In the rest of this paper, we will concentrate on
the decays of DM progenitor particles, giving rise to DR.
We will call such a DM progenitor particle as X, and let
κ be an (energy) fraction of DM that is allowed to de-
cay. There are two generic types of DR we may consider.
First, the DR can be the SM neutrinos: DM decay pro-
vides a late time source of energetic ν injection, and the
SM-DR interaction in this case are the familiar neutrino
weak interactions. Second, the quantum of DR could be
a SM singlet, which we will label as χ; the pattern of the
SM-χ interaction is more uncertain and diverse in this
case. In the following we will discuss the general logical
possibilities for these two cases.
A. SM neutrinos as dark radiation
In this scenario, we consider the possibility that DM
gives rise to DR in the form of SM neutrinos. This
can occur directly by X → ν(ν¯) + Y decays (where Y
3stands for the rest of the decay products). This can also
occur in two steps: first through the decay of X to a
nearly massless fermion χ (e.g., a sterile neutrino), that
then oscillates into the SM neutrinos under certain con-
ditions. Models with direct decay to neutrinos are free
from potential constraints from Neff measurements, the
ν-SM interactions are known, and the model is more min-
imal/simple. Then, on top of the constraints from dark
matter experiments that limit the neutral current inter-
actions of the DR neutrinos with nuclei, there will be ad-
ditional constraints provided through weak interactions
at neutrino detectors such as Super-Kamiokande (SK).
The scenario with decays to neutrinos is also interest-
ing in that it can be motivated by certain neutrino mass
generation mechanisms, and connects to other aspects of
neutrino physics and observables. Possibilities include: a
vector or scalar boson DM particle X decaying to a pair
of ν (ν¯), or fermionic DM X decaying to ν + Y where Y
is a vector/scalar boson. Here we focus on the represen-
tative case where scalar DM X = φ decays to νν and/or
ν¯ν¯.
1. Goldstone boson Majoron DM decaying to neutrinos
It has been considered that neutrino masses may arise
from a global symmetry breaking (see e.g. [52, 53] as well
as [54] and references therein). The effective coupling of
the Goldstone boson (Majoron) φ to neutrinos, resulting
from the breaking of this global symmetry, is given by
L ⊃ φH
2LiLj
Λ2ij
→ i1
2
gijφνiνj + h.c., (3)
where Li stands for the SM lepton doublets, H is the SM
Higgs boson, and Λij roughly corresponds to the global
symmetry breaking scale. We have inserted the Higgs
vacuum expectation value (vev) at the second step in the
above equation. Note that here we retained the most
generic flavor pattern in the coupling gij which can ac-
count for neutrino mass and mixing. For simplification,
we suppress the flavor indices of neutrinos and assume
flavor-diagonal couplings in later discussion. In this case
φ is real, and it decays to ν, ν¯ symmetrically.
The UV completion of the effective interaction in equa-
tion (3) can be the original Majoron model [52] where the
authors assume a singlet Higgs field Φ responsible for the
lepton number (L) symmetry breaking, and a Dirac pair
of singlet fermions SL, SR which give rise to the famil-
iar see-saw right-handed neutrino N once L-symmetry is
broken. The Lagrangian relevant to mν-generation is (we
drop the lepton flavor indices)
L = y1L¯HSR + y2ΦS¯LSR + h.c. (4)
Upon symmetry breakings, this leads to two non-
vanishing elements in the mass matrix of the system:
m = y1〈H〉, M = y2〈Φ〉. Integrating out the heavy sin-
glet fermions after symmetry breaking, one finds the pre-
diction for neutrino masses and the Majoron-ν couplings
as (assuming mM):
mν = m
2/M =
y21〈H〉2
y2〈Φ〉 (5)
Lφνν = i m
2
ν
〈H〉2
y2
y21
(νν − ν¯ν¯)φ. (6)
We can readily see how the parameters in the UV
complete theory map to the effective coupling g in Eq.
(3): g ' y2m2ν
y21〈H〉2 . The mass of a Majoron as a pseudo-
Goldstone has large uncertainty, generated by additional
amounts of explicit global symmetry breaking (e.g. via a
possible breaking of global symmetry by quantum grav-
ity). There have been studies on the possibility of Ma-
joron DM, and the focus has been on thermally produced
Majoron, that typically needs to have mass O(keV) or
less in order not to over-close the Universe [43, 55–59]. A
Majoron with mass O(10) MeV or higher (which is our in-
terest) can be relieved from this cosmological bound if it
is produced non-thermally, through late decay of a mas-
sive particle (e.g. modulus) or late during inflation/re-
heating. One can check that realistic neutrino masses and
a Majoron with lifetime around the age of the Universe
can be simultaneously accommodated in this model, with
perturbative couplings and Majoron masses in the range
of our interest. In particular, the decay rate of φ in terms
of effective parameter g or UV parameters can be written
as follows:
Γφ ' t−10
( mφ
20 MeV
)( g
6× 10−20
)2
(7)
' t−10
( mφ
20 MeV
)( ∑
im
2
νi
(0.1 eV)2
)( 〈Φ〉
3× 109 GeV
)−2
where t0 = 4.3 · 1017 s, the age of the universe, has been
factored out for convenience.
A dedicated study of such a decaying Majoron DM and
its relation to neutrino physics is an interesting topic on
its own, but falls outside the scope of this paper.
2. Complex Scalar boson DM decaying to neutrinos
This scenario is inspired by the above Majoron model,
yet instead we consider a complex scalar that carries lep-
ton number but does not condense. Now the relevant
interaction is:
L′ ⊃ 1
2
gφ′ν¯ν¯ +
1
2
gφ′∗νν. (8)
The UV completion of this model is similar to the Ma-
joron model. But instead of Φ in the earlier model, we
introduce a complex inert singlet, φ′, which carries L-
number but does not condense like Φ. Notice that the
light scalar φ′ is not a Goldstone boson, so that its mass
is not protected against radiative corrections. Thus, a
sub-electroweak scale mass of φ′ may be associated with
its own naturalness problem, which we do not address
4here. The relevant Lagrangian in this case has a similar
form to that of the earlier model involving Φ:
L′ = y′1L¯HSR + y′2φ′S¯LSR + h.c. (9)
After the L -symmetry breaking, e.g. by Φ condensation,
and after integrating out heavy states, we find:
Lφ′νν = m
2
ν
〈H〉2
y′2
y′1
2 (φ
′∗νν + φ′ν¯ν¯). (10)
This model allows the possibility that there is an asym-
metric abundance of φ′ vs. φ′∗, so that neutrinos instead
of anti-neutrinos are produced as DR. Consequently, DR
composed of ν rather than ν¯ may not be subject to strong
constraints imposed by SK on the ν¯e flux just above the
endpoint of the solar neutrino spectrum. The asymmetric
DM type of φ′ requires an initial asymmetry generation
(e.g. through the decay of a heavy Majorona RH neu-
trino) and efficient symmetric annihilation that depletes
φ′∗. It is possible to realize such a model by extending
the ingredients to include additional light (or massless)
states enabling φ′φ′∗ annihilation.
3. DM decay giving rise to SM neutrinos through mass
mixing
Another possibility of DM X decaying to SM neutrinos
is through the mixing between SM neutrinos and light
singlet sterile neutrinos that directly couple to DM. This
falls into a similar category, as we will discuss in Sec. 2 B:
X → χ + χ combined with the linear operator of mass
mixing mχνχνSM. Depending on the χ − ν oscillation
parameters, χ may or may not contribute to Neff . For
example if the effective oscillation length between χ and ν
is astronomically large, which can be achieved for nearly
mass degenerate states χ and ν (and therefore very light
χ), Neff does not provide an immediate constraint, as
the ν → χ oscillation rate in the early Universe can be
arbitrarily small. If in such a model the decays produce
χ’s of certain helicity, then the oscillations may result in
the predominance of ν over ν¯.
B. SM singlets as dark radiation
One can have several logical possibilities in this case:
X → χ+χ, or X → Y +χ, or X → SM+χ etc. (11)
In general, such processes may occur with or without
SM particles, or other members of dark sector particles
Y in the final state, and the multiplicity of χ may vary.
Also, the DR particles can be fermions or bosons. In
other words, at this point there appears to be a great
freedom in choosing models for X and χ, apart from γ-
and cosmic-ray constraints if the decay is accompanied
by energetic SM particles.
1. Singlet χ as a fermion: scattering signal
Let us assume, for a moment, that DR χ is a fermion.
Then, quite generically, the most important interactions
of χ with the SM occur either at the linear or bi-linear
order in χ,
LSM−χ = (χ×OSMf + h.c.) + (χ¯Γχ)×OSMb , (12)
where OSMf(b) are generic fermionic or bosonic composite
operators built from the SM fields; (χ¯Γχ) stands for a
generic bilinear operator in χ, and may contain a variety
of currents, such as χ¯γµχ, χ¯χ etc. The overall trans-
formation properties of OSMf(b) must be chosen such as to
make these terms in the Lagrangian Lorentz invariant.
To narrow down these many possibilities, we will con-
sider
OSMf = mχννSM, (13)
where νSM is some linear combination of SM neutrinos,
and mχν is the effective mass parameter that will mix
SM neutrinos and χ fermions. This mass parameter can
be thought of as the low-energy limit of an operator re-
specting all symmetries of the SM. This way, χ will “par-
ticipate” in the neutrino mass and mixing matrices.
Among the bilinear interactions we will consider a sub-
set of the most relevant ones for direct detection phe-
nomenology,
(χ¯Γχ)×OSMb = (χ¯γµχ)× (GV JµEM +GBJµB), (14)
with two currents JEM and JB representing the SM elec-
tromagnetic current (defined without a factor of e), and
the baryonic current of quarks. At the level of elec-
trons, protons and neutrons, these currents can be ap-
proximated as
JνEM = −e¯γµe+ p¯γµp; JνB = n¯γµn+ p¯γµp, (15)
where corrections related to the anomalous magnetic mo-
ments have been neglected. There are well-known UV
completions of these operators where the exchange is me-
diated either by the dark photon (a vector particle Vµ
with kinetic mixing parameter  to the photon field and
Qχg
′Vµ(χ¯γµχ) coupling), and/or by the baryonic vector
(a new vector particle V Bµ coupled to a baryon current
via g′V Bν J
ν
B). In that case the effective couplings GV and
GB can be expressed in terms of the more fundamental
parameters as
GV =
g′eQχ
m2V
; GB =
g′2Qχ
m2V
, (16)
where Qχ is the charge of χ under the dark U(1)
′. While
the dark photon models are fully UV consistent without
further modifications, the baryonic model needs to be
augmented at the weak scale to cancel the gauge anomaly
in that sector. In the last decade, the phenomenological
5aspects of these models have been considered in some de-
tail [9, 60–66]. Notice that recent works [67, 68] have sig-
nificantly advanced constraints on gauged baryon mod-
els, when V Bµ is assumed to be light, and the gauge
anomalies are canceled by a new set of fermions above
the weak scale. Nevertheless such constraints do not di-
rectly apply, as (16) includes an extra parameter, Q′χ,
that can be large without violating perturbative unitar-
ity (that requires Qχg
′ to be less than 4pi). In this paper,
however, we will stay on phenomenological grounds and
treat GB as a free parameter. Also note that if mass of
the mediator is zero in the GV coupling, χ will appear
as fractionally charged fermion with effective EM charge
of Qχg
′. Milli-charged particles is an interesting and
viable case of DR, as we will briefly discuss later.
While the choices given in (13) and (16) are far from
being exhaustive, they are better motivated than many
other ad-hoc models. Moreover, they are sufficient to
capture the main phenomenological possibilities: ν − χ
oscillation transitions and scattering of DR states on elec-
trons and nuclei.
2. Singlet χ as a boson: absorption signal
If DR is represented by light bosonic particles, the
possible choices of interactions are again plentiful. Nat-
ural possibilities of light bosons include dark photons
and axion-like particles, both having masses protected
by symmetries. These possibilities are also well-explored
in the context of new directions for DM searches (see e.g.
[69]). We first consider the decay of X to two dark pho-
tons, X → V V . This is a very economical model, where
the interaction of dark photons with the SM is governed
by the mixing parameter  and the mass of the dark pho-
ton mV [70]. In vacuum, the dark photon couples to the
electromagnetic current via Vµ × (eJνEM ). In medium,
there is a well-known suppression of this interaction in
the regime where mV is much smaller than the plasma
frequency [71–73]. The other possibility of bosonic χ is
an axion-like particle (ALP), a. The axion-like a can be
produced through a scalar X DM decay X → aa, then a
may interact with SM states via aFµν F˜µν (with the SM
photon) or ae¯γ5e (with the electron). The main difference
from fermionic DR is that bosons can be completely ab-
sorbed and converted to energy carried by the SM. The
absorption of dark photons or ALP-type DM has been
considered before in [45, 49, 74], and many features of
these analyses can be generalized to ALP/dark photon
DR detection.
C. Astrophysical and cosmological constraints on
DR
In the cases where the DR considered here has a small
or vanishing mass, there are many constraints coming
from astrophysical and cosmological observations that
one would need to take into account. Apart from the
already mentioned CMB and BBN constraints, mainly
in form of Neff , there are strong bounds imposed by stel-
lar energy loss [75], which is particularly constraining for
the case of X → aa, X → V V . In the case where the
DR actually consists of massive (above O(MeV)) yet en-
ergetic particles such as boosted DM, BBN and CMB
bounds do not automatically apply, although there can
be model-dependent constraints, depending on how such
massive DR interacts with the SM.
In several classes of models, DR that can induce ob-
servable effects for the direct detection and neutrino ex-
periments without violating any of these indirect bounds.
Here we list some of the models that would clearly pass
the indirect constraints:
1. Direct decay to neutrinos, X → νν for example,
does not create any additional photons. Electron-
positron pairs can be produced via X → ννe+e−
but the rate will be suppressed by the weak inter-
action scale. Specifically, one may estimate that
BrX→ννe+e− ≤ 10−3G2Fm4X , where the first factor
reflects the additional phase space suppression, and
the maximum available energy scale (mX) is used
to render the weak branching fraction dimension-
less. Even for mX = 1 GeV, this is a ∼ 10−13 level
of suppression, which will not lead to additional
constraints on the model from the global produc-
tion of charged lepton cosmic rays.
2. X decay to χχ with bilinear interactions with the
SM, Eq. (16). The same logic applies, and the prob-
ability of production of extra SM particles in a sin-
gle decay process is suppressed by the phase space
and in addition by G2V (B)m
4
X . (We will consider
GV (B) in the ballpark of GF ). Here we assume,
in addition, that the scale of the mediator mass
is larger than the mass of the decaying particle,
mV > mX , as otherwise a much more enhanced
on-shell production of mediators may take place.
With this extra condition, the indirect astrophysi-
cal constraints can also be completely avoided for
sub-GeV X.
These models are, however, constrained by Neff .
The weak-strength (GV ∼ GF ) dark photon medi-
ated interactions are capable to keep χ in a close
thermal contact with electrons down to O(MeV)
temperatures, creating a large positive contribu-
tion to Neff from the thermal bath of χ. Therefore,
these models are disfavored unless GV  GF , and
then consequences of DR on direct detection are
small. Models with χ coupled to the baryonic cur-
rent fare better, as hadron number densities dimin-
ish rather quickly after the QCD phases transition.
In this case, the meson-χ interaction could decou-
ple relatively early, and GB on the order of GF is
not manifestly excluded. For that reason we will
concentrate on models with GB interaction, noting
that the thermalization of new degrees of freedom
6via the baryon current interaction is a problem that
deserves special separate study.
In some cases the indirect bounds from Neff can be
circumvented at the expense of additional compli-
cation of models. For example, if the mass of χ is in
the few MeV range, and, in addition, there is a light
mediator particle in the same mass range, V , the
self-annihilation χχ¯ → V V with subsequent decay
of V ’s to the SM states may ensure that by the time
of SM neutrino decoupling at MeV temperatures,
all χ and V particles from the dark sector have an-
nihilated and decayed, while X DM survives.
3. X decay to χχ, and the transfer of χ to neutrinos
via χ → ν oscillations (a possibility that may be
called “neutrino oscillation portal”) can be made
completely safe from cosmological and astrophysi-
cal bounds as mχν can be almost arbitrarily small.
The smallness of this parameter does not imply
a smallness of the χν mixing angle with the low-
est neutrino mass eigenstate in the direct neutrino
mass hierarchy picture, as there is no lower bound
for the lightest mν .
4. Finally, decays of X to nearly massless ALPs a,
dark photons V , and light millicharged particles χ
are not expected to be accompanied by a significant
production of the SM states because of the extreme
smallness of couplings between SM states and these
types of dark sector particles.
3. MAXIMUM FLUXES OF DR FROM
DECAYING DM
Any rate of detection of the relativistic background
species χ (in this section χ stands for any DR parti-
cle, neutrino or singlet χ as discussed earlier) is con-
trolled by the energy differential particle flux arriving at
earth, dφ/dEχ. We consider two principal components of
this flux, originating from DM decay within the galaxy
(“gal”) or from extragalactic distances (“eg”).3
We will assume that only a fraction κ of the DM
density decays (to be consistent with cosmological con-
straints given in [27]), κ ≡ ρX(t)/(Ωdmρc)|tτX , where
τX = Γ
−1
X is the lifetime of the progenitor X. Here,
Ωdm = 0.1198h
−2 is the CMB-inferred DM density pa-
rameter, and ρc = 3M
2
PH
2
0 is the critical density today;
H0 = 100h km/s/Mpc with h = 0.6727 [1].
4 Clearly, the
3 We neglect small contributions from the local group and other
bound structures at cosmological distances.
4 A low-z determination of the Hubble constant gives h = 0.73 [76].
It has been suggested that decaying DM may alleviate the 2-3σ
tension between the two inferred values of H0 [77, 78]. Here we
will not enter this discussion; recent comments on the viability
of this possibility are found in [27].
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FIG. 1. Galactic and extragalactic differential particle fluxes
from monochromatic 2-body decay X → 2χ. The solid
(dashed) line is for a massless (5 MeV) daughter particle.
fluxes attain their maximum when τX is comparable to
the age of the Universe, t0 = 13.7 Gyr.
The decay of X injects particles χ with a spectrum,
dN
dEχ
=
Nχ
ΓXBrχ
dΓ
dEχ
,
∫
dEχ
dN
dEχ
= Nχ, (17)
whereNχ is the multiplicity of χ and Brχ is the branching
ratio into χ in the decay with energy-differential width
dΓ/dEχ. For a 2-body decay X → 2χ, the injection
spectrum is a δ-function (Nχ = 2),
dN
dEχ
∣∣∣∣
2-body
= Nχδ(Eχ − Ein), Ein = mX/2, (18)
broadened only by the velocity dispersion of X prior to
decay; for our purposes this is a negligible effect and in
the following we take X at rest.
The galactic particle flux at earth is found from the
usual line of sight integral,
dφgal
dEχ
=
κBrχe
−t0/τX
τXmX
dN
dEχ
×Rsolρsol〈J〉. (19)
Assuming no directional sensitivity, we average the J-
factor over all directions. Its value is relatively insensitive
to the employed density profile and we use 〈J〉 ' 2.1 as
obtained from a NFW profile; Rsol = 8.33 kpc and ρsol =
0.3 GeV/cm3 are the distance to the galactic center and
DM density at the position of the Earth.
For the extragalactic particle flux incident on Earth
it is important to take the redshift of momentum into
account. The flux, originating from the cosmological un-
clustered DM abundance, is given by the redshift inte-
gral,
dφe.g.
dEχ
=
κBrχΩdmρc
τXmX
∫ zf
0
dz
e−t(z)/τX
H(z)
dN [Eem(z)]
dEχ
vem(z),
(20)
where the subscript “em” stands for the moment at emis-
sion. Equation (20) reduces to the well known result of
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FIG. 2. Integral galactic (“gal.”) and extragalactic (“e.g.”)
particle fluxes from monochromatic 2-body decay X → 2χ.
The labeled contours are in units of 1/cm2/s. A mass of
mχ = 5 MeV has been assumed.
diffusive extragalactic photon flux (in the limit of zero
optic depth) when the mass of the daughter particle van-
ishes, mχ → 0. The only differences for mχ 6= 0 are
contained in the properly blue-shifted energy and veloc-
ity at emission, obtained from the blue-shifted momen-
tum, pem(z) = (1 + z) × pχ, where p2χ = E2χ − m2χ and
p2em = E
2
em −m2χ.
The cosmological redshift information in (20) is
given through the Hubble expansion rate H(z) =
H0
√
(1 + z)3Ωm + ΩΛ and the cosmic time at redshift z,
t(z). Since we are considering DM decays in the low-
redshift Universe, it suffices to add contributions that
originate from the matter-dominated era, zf < zeq ∼ 104
in (20). For a flat Universe one can then use the closed
expression,
t(z) =
1
3H0
√
ΩΛ
ln
[√
1 + (Ωm/ΩΛ)(1 + z)3 + 1√
1 + (Ωm/ΩΛ)(1 + z)3 − 1
]
(21)
with Ωm = 0.315 and ΩΛ = 1− Ωm.
At last, for a 2-body decay spectrum (18), the redshift
integral in extragalactic flux can be evaluated directly to
yield,
dφe.g.
dEχ
∣∣∣∣
2-body
=
Nχ
pχ
κBrχΩdmρc
τXmXH0
e−t(α−1)/τX√
α3Ωm + ΩΛ
Θ(α− 1),
(22)
where α ≡ pin/pχ ≥ 1. Note that the cosmic time t(z)
is evaluated at redshift z = α − 1 in the exponential.
Exemplary galactic and extragalactic fluxes are shown in
Fig. 1 for τX = 10 Gyr, mX = 50 MeV and κ = 0.1. A
Gaussian of 5% width has been applied to the galactic
flux for display.
The total flux φtot, integrated over the whole energy
spectrum, varies over many orders of magnitude depend-
ing on the choice parameters. Nevertheless, one can esti-
mate the maximum possible flux at κ ∼ 0.1, τX = 10 Gyr,
while taking mχ → 0, and keeping mX as a free param-
eter:
φmaxtot ∼
10 MeV
mX
× 106 cm−2s−1. (23)
Completely coincidentally, the value of the DR flux may
become comparable to that of 8B solar neutrinos at
mX ∼ 10 MeV, and exceed diffuse SN neutrino flux by
many orders of magnitude at mX ∼ 50 MeV. Fig. 2
demonstrates an example of total fluxes for varying life-
times and X masses.
4. SCATTERING AND ABSORPTION
SIGNATURE OF DR
A. New population of SM neutrinos
If non-thermal DR radiation consists of SM neutrinos,
we can predict their interaction rates in dark matter and
neutrino detectors. The coherent nuclear recoil generated
by the neutral current interaction is the easiest to treat,
as it has no neutrino flavor or helicity dependence. The
coherent neutrino-nucleus recoil cross section is given by,
dσ
dER
= Q2W
G2FF
2(q)mN
4pi
(
1− mNER
2E2ν
)
, (24)
where QW = Z(4s
2
w−1)+N is the weak charge of the nu-
cleus. The scattering is essentially coherent in the num-
ber of neutrons N , owing to a cancellation in charge num-
ber Z since the weak angle is s2w ' 0.23. The degree of
coherence is given by Helm form factor F (q) [79], eval-
uated at q =
√
2mNER. Expression (24) is used by us
to calculate the expected recoil signal in the DM direct
detection experiments.
The coherent nuclear recoil is irrelevant for generating
a signal in the most sensitive neutrino detectors. Instead,
we must consider scattering on electrons (due to both,
neutral and charged currents) and charged current scat-
tering on nuclei. Moreover, there is a strong dependence
of the expected signal on energy, flavor and helicity of
DR neutrinos. In this paper we will assume dominance
of neutrinos over antineutrinos in DR—a possibility dis-
cussed in Sec. 2 A 2—and, for simplicity, we will further-
more consider a flavor-universal content of DR at the
interaction point.
From a few MeV to 1 GeV there are several approxi-
mate energy ranges that have significant differences with
respect to the expected neutrino signal. These differ-
ences, to be discussed below, stem from a relatively large
solar neutrino flux, and from different channels of neu-
trino interactions with electrons and nuclei.
81. Below 16 MeV. Here the neutrino signal is domi-
nated by solar neutrinos, with observed 8B neu-
trino flux, φobs8B = (5.16
+0.025
−0.017) × 106 cm−2s−1 [80].
Solar models predict [81] φ8B = 5.46(4.50) ×
106 cm−2s−1, depending on employed solar abun-
dances [82] ([83]). Taking the difference in the pre-
diction as indicative of the size of the systematic
error bar, one can conservatively, albeit somewhat
ad-hoc, limit any additional flux of DR neutrinos
in this energy range at nominal 90% C.L. as
φν < 1.6× 106 cm−2s−1. (25)
The main signature for neutrinos in this energy
range is the scattering on electrons due to charged
(CC) and neutral (NC) currents.
2. 16 MeV to 30 MeV. In this energy range the most
important neutrino component is ν¯e. The CC rate
due to the inverse beta decay process on free pro-
tons, p+ ν¯e → n+ e+ has a large cross section, and
almost the entire anti-neutrino energy is communi-
cated to the positron, Ee+ ' Eν¯ −1.8 MeV. Notice
that there is no corresponding counterpart process
for neutrinos, as n + νe → p + e− is suppressed
due to the binding energy of neutrons in carbon or
oxygen nuclei. The resulting electron energy is at
least ∼ 15 MeV lower than Eν , which puts these
events in the energy range completely dominated
by solar neutrinos. Thus, apart from ν¯e, in this en-
ergy range all neutrinos are detected due to their
interaction with electrons inside the detector.
3. 30 MeV to 150 MeV. Starting at ∼30 MeV, reac-
tions with neutrons inside nuclei (such as e.g.
16O + νe → 16F + e) are no longer kinematically
suppressed, and the energy of electrons in the final
state (reduced relative to the incoming neutrino en-
ergy by ∼15 MeV or more) are above the energies of
electrons created by solar neutrinos. In this energy
range the CC cross sections of νe and ν¯e become
similar and dominate over other forms of neutrino
interactions. Above the muon threshold, the CC
production of µ by νµ also becomes possible, and
it is constrained by the decay signature of stopped
muons. In general, sub-Cerenkov energy muons ir-
respective of their origin represent a challenging
background for searches of neutrinos of lower en-
ergy, as muon decays produce electrons that have
sub-50 MeV energies. In our analysis, we account
for both the CC interactions of νe and the addi-
tional backgrounds introduced by muon decays.
4. Above 150 MeV. This is the energy range where the
flux of atmospheric neutrinos is well measured, and
found to agree with model predictions with ∼ 20%
accuracy [38]. The main interactions for ν¯e(µ), νe(µ)
are the CC processes with nuclei. Therefore, us-
ing the results of [38], one can limit any extra DR
neutrino component. Taking it conservatively, we
demand that the DR flux shall not exceed ∼ 1/2 of
the atmospheric neutrino flux, yielding dφνe/dE <
0.08×E−2 GeV × cm−2s−1. (We stop our consider-
ations of DR at about 1 GeV, and throughout this
range a φν ∝ E−2 scaling holds reasonably well.) A
constraint of similar strength applies to the muon
neutrino flux above Eν = 300 MeV [38].
To summarize, the neutrino fluxes are least known di-
rectly in the energy regions 2 and 3. To treat constraints
on DR with comparable energy range of neutrinos we
require the expressions for the elastic and CC cross sec-
tions. The elastic scattering on electrons is given by
dσele
dER
=
G2Fme
2pi
[
(2 + gL)
2 + g2R
(
1− ER
Eν
)2]
, (26)
dσelµ,τ
dER
=
G2Fme
2pi
[
g2L + g
2
R
(
1− ER
Eν
)2]
, (27)
where gL = −1 + 2s2w and gR = 2s2w. Indices e, µ, τ
stand for the neutrino flavor dependence of the cross
sections. For a flavor-universal composition, one should
take σelav =
∑
i=e,µ,τ σ
el
i /3. Because of the solar neu-
trino background, the most relevant quantity is the cross
section that produces electrons above 15 MeV energy,∫
15 MeV
(dσel/dER)dER. For a 30 MeV neutrino such
flavor-averaged cross section is σelav(ER > 15MeV) =
6× 10−44 cm2.
The CC cross section of ν¯e can be calculated from first
principles [84]. The same cannot be said about CC cross
sections of νe. Application to SK will require the cross
sections for the 16O+νe → 16F+e reaction as a function
of energy. While it has not been directly measured over
the whole energy range, one can use the results of theoret-
ical calculations [85–87]. The cross section of a 30 MeV
electron neutrino νe on oxygen is ' 1.25×10−42 cm2 [86],
rapidly decreasing below this energy. Various final states,
such as different nuclear levels in 16F and 12B+α are pos-
sible, affecting the available measurable electron energy.
We will treat this complication by assuming that the final
state electron energy is, on average, shifted by ∼ 5 MeV
below the threshold value, Ee = Eν −20 MeV and model
the distribution by a Gaussian of 7% width. The mod-
eling of this reaction is coarse-grained and can certainly
be improved with a more dedicated study. Given the im-
perfect energy resolution of water Cerenkov detectors, we
expect that the resulting limits will only depend mildly
on our assumption.
The most important question to address now are the
direct limits on DR neutrino fluxes that can be inferred
from the SK data. As energy regions 1 and 4 are well
understood in terms of neutrino fluxes, we need to de-
termine the acceptable level of DR neutrino fluxes for
regions 2 and 3. The experimental data relevant for this
energy range are reported as a search for the diffuse su-
pernova neutrino background [37]. While the SK col-
laboration applies their search to limit ν¯e, owing to the
9fact that the CC cross section is largest, the same data
can be used to limit other neutrino fluxes; relevant infor-
mation can also be extracted from the high-end part of
the 8B solar neutrino spectrum [88]. In the 25-to-75 MeV
range the background for the supernova ν¯e search is dom-
inated by decay electrons that are produced from muon
decays—themselves sourced from νµ but undetected in
their Cerenkov radiation—inside the SK volume, and by
residual atmospheric electron neutrino CC events. A si-
multaneous fit to the shape of the signal plus background
components allows the SK collaboration to extract a tight
constraint on the flux of ν¯e.
We adopt a similar strategy and obtain a fit by tak-
ing into account the above sources of background with
floating normalization (in addition to amplitude-fixed,
smaller backgrounds that are inferred from “sidebands”
to the SK search window; see Figs. 14-16 in [37]), together
with the DR signal calculated via its elastic scattering on
electrons and CC scattering of νe on oxygen as outlined
above; to the new component we apply the signal effi-
ciency as reported in [37]. For the fit we minimize the
likelihood ratio [89],
−2 lnλ = 2
∑
i=1
[
µi − ni + ni ln ni
µi
]
, (28)
where ni (µi) is the observed (expected) number of events
in bin i and the sum runs over all bins of the SK search
region (middle panels of Figs. 14-16 in [37]). In order to
keep the scope of this investigation under control, in our
numerical study we consider only the data from the SK-
II period with 22.5 kton fiducial volume and 794 days of
livetime; the inclusion of other SK runs is not expected
to change the results qualitatively. An exemplary fit (p-
value 0.71), currently allowed by the data, is shown in
Fig. 3. The red line is the DR signal, dominated by the
CC reaction on oxygen.
The resulting likelihood fit of SK-backgrounds at each
point in the (mX , τx)-plane produces constraints on the
admissible amount of DR. This constraint, at 95% C.L.,
is shown as the gray area labeled SK(dsnb) in Fig. 4,
assuming that, close to its minimum, (28) follows a χ2-
distribution. In addition, the gray areas SK(atm) and
SK(sol) are excluded from atmospheric and solar flux
measurements using (25) and reported fluxes in [88],
respectively. The SK excluded regions supersede cur-
rent constraints that are imposed by LUX [90] and
XENON1T [91]. We derive the latter limits by comput-
ing the S1 scintillation signal from probability distribu-
tion functions that we derive with the statistical model
described in [92]; see also the supplementary material
of [93]. As input, the mean of the S1 signal is obtained
from the light yield curve of Fig. 1 of [39] with a mini-
mum nuclear recoil of 0.7 keV imposed. The employed
overall light collection efficiencies are g1 = 0.1 and 0.144,
respectively. The generated signals are then constrained
against data using the ‘maximum gap method’ [94] at
95% C.L..
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FIG. 3. Exemplary fit to the data of the SK-II run in the
SN neutrino search window between 18-86 MeV [37]. Besides
the known, fixed background (dashed line) and the new DR-
induced contribution (red line) for the chosen combination
τX/t0 = 10
4 and mX = 130 MeV, backgrounds of known
shape but uncertain amplitude (dotted and dash-dotted lines)
are determined in strength by a fit.
To pick a specific example, we derive the current con-
straint on the neutrino flux originating from the decay of
a DM particle of mX = 50 MeV and lifetime τX  t0 :
φν(Eν ' 25 MeV) < 5× 102 cm−2s−1. (29)
Notice that this constraint is more than two orders of
magnitude more relaxed compared to the SK limit on
a cosmic ν¯e flux. Consequently, if this limit is satu-
rated by DR, then the expected scattering rate inside the
xenon-based direct detection experiments will be such as
to mimic a DM particle with mDM ∼ 30 GeV and cross
section of σ ∼ 10−47cm2, which is significantly above the
traditionally derived “neutrino floor”; a more detailed
numerical study on this point is in preparation.
The SK constraints on ν¯e can be significantly improved
with the addition of Gd [30], as it would allow efficient
detection of final state neutrons. This detector modi-
fication is unlikely to help strengthening constraints on
other neutrino species, and therefore we project that SK
constraints on ν DR are unlikely to be improved. On the
other hand, the next generation of liquid xenon DM de-
tectors is likely to reach the 10−47cm2 level of sensitivity
to DM, which would also make them efficient probes of
neutrino DR. It has to be said that if the signal is de-
tected at that level, one would have to check whether it
is coming from scattering of nuclei on relativistic (DR)
or non-relativistic (DM) species. This can e.g. be done,
in principle, if another large and sensitive DM detector,
based on a significantly lighter target nucleus, is built
to complement xenon-based experiments. In particular,
large scale argon-based detectors [95] may fill that niche.
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FIG. 4. Constraints on SM neutrino DR, at 95% C.L.,in the
assumption of X → νν decay, with equal weight for each
neutrino flavor from SK measurements of atmospheric (atm)
and solar (sol) fluxes as well as from searches for a diffuse SN
neutrino background (dsnb). The limits supersede the current
direct detection constraints derived from the final data set of
LUX and from the initial data set of XENON1T; see main
text for details.
B. New fermions interacting with SM via a dark
force
Here we consider χ interacting through a vector portal
that we take to be the baryonic current JµB(~x), medi-
ated by a massive vector Vµ with mass mV . The in-
coming (semi-)relativistic particles χ will induce elastic
scattering on nuclei in direct detection experiments. For
that reason, we will generalize (24) to be valid both in
the relativistic (Eχ ≥ mχ) and non-relativistic limits
(Eχ ≤ mχ) alike. In order to compute the elastic re-
coil cross section dσ/dER we note that the manifestly
spin-independent (SI) part in the χ-nucleon matrix ele-
ment 〈~p′n|JµB(0)|~pn〉 = u¯~p′nΓµu~pn is given by the vertex
factor
ΓµSI(q) = 2mn
[
Fb(q)− q
2
4m2n
Fm(q)
]
(pn + p
′
n)
µ
(pn + p′n)2
, (30)
where Fb(0) = 1 is the baryon number of the nucleon and
in the following we can take it to unity; furthermore, we
drop the term proportional to Fm since it is suppressed.
The direct detection recoil cross section on nuclei is then
found to be
dσ
dER
= A2
8piα2BQ
2
χF
2(q)mN
(m2V + 2mNER)
2
[
1 +
m2χ
|~pχ|2 −
mNER
2|~pχ|2
]
.
(31)
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FIG. 5. Predicted recoil rate R(ER > 1 keV) for DR con-
sisting of massless χ particles that are coupled to the baryon
current with strength GB = 10GF , in units of events/kg/day,
and for xenon as detector material.
The nuclear form factor F (q) is the same as above in
(24). For mχ → 0, |~pχ| → Eχ and Eq. (31) reduces to the
expression obtained in [96] using GB ≡ Qχg2B/m2V and
when the interaction obeys the contact limit q2  m2V .
The recoil rate in a direct detection experiment is then
given by,
dR
dER
= NT
∑
i=gal,eg
∫ Ein
Eχ,min
dEχ
dφi
dEχ
dσ(Eχ)
dER
. (32)
where NT is the target number density per detector mass
(for composite materials the rate is to be summed over
the various target elements). The minimum χ energy
Eχ,min to produce a recoil ER is obtained from the corre-
sponding minimum momentum |~pχ,min| =
√
ERmN/2.
The predicted recoil rate in liquid xenon detectors is
shown in Fig. 5. Current constraints from LUX [90] and
XENON1T [91] on the model for GB = 10GF is shown in
Fig. 6. The solid (dotted) lines are for mχ = 0 (10 MeV);
for details on the procedure that goes into the derivation
of these limits cf. the preceding section.
To include constraints on baryonic-current coupled DR
in χ from neutrino experiments, we have to consider the
scattering of χ on nuclei that may lead to their recoil,
break-up or excitation. We refer to previous studies [96],
where it was shown that in the limit of small momentum
transfer (in units of the nuclear size RN ), the interac-
tion rate for inelastic processes is suppressed by (qRN )
4,
which is a very small factor for q  100 MeV. This al-
lows to tolerate large values of GB , without running into
strong neutrino constraints. For this paper, we include
constraints imposed on the model by scintillator-based
neutrino detectors such as Borexino [97], that result from
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FIG. 6. Constraints on DR coupled to SM, at 95% C.L.,
through gauged baryon number with GB = 10GF from the
direct detection experiments LUX and XENON1T as well as
from the neutrino experiment Borexino. Two cases are shown:
the solid line is for mχ = 0 and dotted line is for mχ =
10 MeV; for Borexino, the difference in assumed mass is not
visible.
the elastic scattering on protons. The scattering of χ on
protons, depending on Eχ, can give a significant proton
recoil that leads to energy deposition inside a liquid scin-
tillator, and will give significant constraints on the higher
end of the energy range of DR considered in this paper.
To calculate the proton recoil, we use (31) but take the
nuclear form factor to be of the dipole form, Fb(q
2) = (1+
q2/(0.71 GeV2))−2 [98]. The treatment of the quenching
factor in the recoil of protons is obtained following [99]
and references therein; see also [96]. The gray region in
Fig. 6 shows the resulting excluded region from measure-
ments by Borexino, and it is derived from the fiducialized
data shown in Fig. 3 of [100].
C. Discussion of ALPs and dark photons as DR
Dark radiation in the form of ALPs or dark photons
can appear as a result of X → aa or X → V V decays.
The main question to investigate here is whether DM
decay can provide a flux of ALPs or dark photons in
the range where they can be detected while respecting
limits from other, primarily astrophysical, constraints.
In the case of ALPs, the most explored range is the
keV frequency range, which for our scenario would im-
ply mX ≥ O(keV), and the interaction with photons,
Lint = gaγγa ~E · ~B. This energy range could make both,
the dark matter experiments as well as axion helioscopes,
sensitive to ALP DR. Previous studies have concluded
that ALP DM with ma in the keV range is already
severely restricted by the absence of a serious excess in
X-rays (for a recent summary of X-ray constraints on
decaying dark matter see e.g. [101]). The indirect con-
straints on ALP DM are typically much stronger than
those provided by direct searches [45]. To remove con-
straints resulting from the decay of ALPs, one needs to
require an additional hierarchy, ma  mX .
The easiest way to assess the detectability of DR in
form of ALPs is to compare their maximal flux with the
flux of solar axions. The spectral flux of the latter is
given in [102], and integrating it over energy, one ob-
tains φsolara ' 1012(gaγγ × 1010 GeV)2cm−2s−1. Com-
paring φsolara to the maximum flux of ALPs attainable
through DM decay, φmaxtot in (23), we arrive at the max-
imum value of coupling gaγγ when the DR flux of ALPs
have a chance of becoming larger than the solar flux,
gaγγ ≤ 10−11 GeV−1 ×
(
1 keV
ma
)1/2
. (33)
Current solar helioscopes utilize the a→ γ conversion
in the magnetic field to search for solar ALPs. The same
techniques can be used to search for ALPs forming DR.
(For some values of parameters, the galactic component
of DR dominates, and one should expect an enhancement
of the conversion in the direction to the galactic center.)
It is easy to see that in the keV range of frequencies,
the benchmark value gaγγ = 10
−11 GeV−1 in Eq. (33) is
outside the reach of the current generation keV-range
ALP detector CAST [102], but may be amenable to
searches with the next generation ALP telescopes, such
as IAXO [103]. A similar conclusion can be reached
for ALPs coupled to the electron spin via gaeea × e¯γ5e.
The expected solar flux of ALPs is at the level of ∼
(gaee × 1013)2 × 109cm−2s−1 [104], which is again some-
what larger than the maximum attainable flux for DR
with a keV scale progenitor X, unless gaee is below 10
−13.
The current sensitivity of dark matter experiments to so-
lar axions is at the level of gaee ∼ 8 × 10−12 [105], and,
therefore, only significant improvements in the sensitiv-
ity of large-scale dark matter experiments could render a
hypothetical ALP component of DR detectable.
We now turn to the case of dark radiation in the form
of dark photons. The main difference with the ALP case
is that for small mass of dark photons, the solar flux de-
couples as φsolV ∝ m2V [72]. (See Ref. [106] for a detailed
calculation of the solar energy loss to dark photons.) On
the other hand, the production of DR dark photons may
not need to be suppressed by small mass mV in the same
limit, and therefore the flux of DR can be parametrically
larger than the solar flux of dark photons. The analysis of
the absorption of dark photon dark radiation is very simi-
lar to the analysis performed for dark photon DM [49, 74].
The conclusion of these studies is that in some corners of
mass–mixing angle parameter space, {mV , }, the direct
detection experiments have sensitivity to dark photons
beyond the astrophysical constraints. Unfortunately, our
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analysis shows that the dark photon dark radiation is cur-
rently not constrained by direct detection experiments.
The qualitative reason for that is as follows: when the
medium effects can be neglected (mV > 1 eV) the absorp-
tion rate per atom scales as 2×nV ×σphoto×c, where nV
is the number density of dark photons (in the form of DM
or DR), σphoto is the photo-ionization cross section, and
c is the speed of light. The rate is approximately inde-
pendent on the velocity of dark photons when their total
energy is fixed. For dark photon DM the number density
nV is typically larger than for dark photon DR, result-
ing in a smaller ionization rate for the latter. Taking a
representative point on the parameter space,  = 10−11,
mV = 1 eV, and κ = 0.1, mX = 50 eV, and τX = t0, we
find that the ionization rate for the XENON10 experi-
ment is not exceeding a few times 10−7/kg/day, which is
much smaller than the current sensitivity.
Finally, if the dark photon mass is very small or zero,
it can mediate the interaction between charged particles
of the SM and the dark sector χ particles when they are
charged under the dark photon gauge symmetry. Such
objects, generically called milli-charged particles, have
been extensively studied in the literature with the lat-
est constraints compiled in [107]. While the range of
small masses is again generically very constrained by
the combination of cosmology and astrophysics, the GeV
and heavier range χ are allowed to have charge up to
(10−2− 10−1)× e. If the DM particle X decays to a pair
such millicharged particles, one should expect a variety
of new effects associated with scattering of χ inside dark
matter and neutrino detectors.
5. CONCLUSIONS
We have considered a hypothetical possibility that
along with non-relativistic DM, some (semi-)relativistic
particles form a cosmic dark radiation (DR) background
that may have a noticeable interaction rate with the SM
particles. Such DR can be a non-thermal component of
energetic neutrinos, or SM singlet particles. The most
efficient mechanism for populating DR radiation states
is the decay of DM, and if it happens at late redshift,
a significant fraction of DM is allowed to decay to DR.
Adopting this framework, we have derived the energy
spectrum of DR that includes the galactic and a global
cosmological component, as a function of the progenitor
particle’s lifetime, mass and abundance.
To narrow the discussion we have concentrated on the
sub-GeV range for the energy of DR (or, equivalently,
the mass of decaying DM particles). This range is the
most relevant one for a potential signal in the detectors
that are built to search for WIMP DM recoils. Therefore,
they could also register energy and momentum transfer
that is communicated to nuclei and electrons via their
interaction with DR. For the masses of decaying parti-
cles in the tens of MeV range, the resulting fluxes of DR
particles may reach 105 − 106 cm−2s−1, which is a fairly
significant flux, exceeding atmospheric and expected dif-
fuse SN neutrino fluxes by many orders of magnitude.
Correspondingly, we find that both, neutrino and DM
direct detection experiments are sensitive to the weak-
scale interaction of DR with SM fermions (nucleons and
electrons).
For DR in the form of the SM neutrinos, we find
that the Super-Kamiokande (SK) experiment provides
the dominant constraints. The strongest constraints stem
from limits on ν¯e fluxes. If, however, DM decays pref-
erentially to neutrinos, rather than antineutrinos, the
constraints become much milder, and current SK data
can tolerate much larger fluxes of DR neutrinos. If one
saturates our derived limits on DR neutrino fluxes, DM
direct detection experiments need to improve their sen-
sitivity by approximately two orders of magnitude to be-
come competitive with SK. Another way of phrasing the
same finding is to say that the signal from DR-induced
neutrino-nucleus scattering could be significantly above
the normally expected “neutrino floor” for DM direct de-
tection experiments. In particular, we find that for the
energy of DR particles in the ∼ 25 MeV range, the gain
over the nominal neutrino floor can be very significant,
providing a potential signal that would compare to a one
from a ∼ 30 GeV WIMP-type dark matter particle with
a scattering cross section of 10−47 cm2.
Among the most interesting cases for DR in the New
Physics sector are the dark radiation models that inter-
act with nuclei via a baryonic current, which is a possi-
bility that is least constrained by neutrino experiments.
Here, the existing direct detection experiments provide
dominant bounds for the same DR energy range. Dedi-
cated studies with upcoming neutrino experiments such
as SNO+, JUNO, and DUNE/LBNF can potentially be
complementary probes for these models.
To conclude, the co-existence of DM and interacting
DR is a generic possibility that draws an analogy with
the structure of the SM, where both massive particles
(atoms) and radiation (photons, neutrinos) are present.
This work demonstrates that this broad new class of
physics can be probed with experiments originally de-
signed to search for dark matter and study neutrino in-
teractions.
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